Cell-free extracts that show activity in photosynthetic electron flow have been prepared from the unicellular dinoflagellate, Gonyawlax polyedra. Electron flow, as 02 uptake, was measured through both photosystem I and II from water to methyl viologen, through photosystem I alone from reduced 2,6-dichlorophenol indophenol to methyl viologen which does not include the plastoquinone pool or from duroquinol to methyl viologen which includes the plastoquinone pool. Electron flow principally through photosystem II was measured from water to diaminodurene and ferricyanide, as 02 evolution. Cultures of Gonyaulax were grown on a 12-hour light:12 hour dark cycle to late log phase, then transferred to constant light at the beginning of a light period. After 3 days, measurements of electron flow were made at the maximum and minimum of the photosynthetic rhythm, as determined from measurements of the rhythm of bioluminescence. Photosynthesis was also measured in whole cells, either as 14C fixation or 02 evolution. Electron flow through both photosystems and through photosystem II alone were clearly rhythmic, while electron flow through photosystem I, including or excluding the plastoquinone pool, was constant with time in the circadian cycle. Thus, only changes in photosystem II account for the photosynthesis rhythm in Gonyaulax.
The marine dinoflagellates are well known for their circadian rhythmicity manifested in bioluminescence (16, 17, 19) , cell division (18, 20) , and photosynthesis (5, 12, 13, 17) . Both lightsaturated and light-limited rates of photosynthesis, measured either by 02 evolution or 14C fixation, express rhythmicity in whole cells of Gonyaulax (13) . In addition, fluorescence emission is about 2x as high during the day phase when photosynthesis reaches a maximum than during the night phase when the rate of photosynthesis is low (2, 21) . The shape of the fluorescence transient and delayed light emission curves also varies with the phase of the circadian rhythm (21) . Until now, however, it has not been possible to dissect photosynthesis further, because cellfree preparations from dinoflagellates that were active in photosynthetic electron flow could not be prepared in spite of numerous attempts. Thus, substitute electron donors and acceptors could not be used since they do not penetrate whole cells. Now, however, one of us (G. S.) has developed a method for preparing cell-free extracts of dinoflagellates which retain activity in electron flow through PSI (16) . The midpoint of the maximum in bioluminescence was taken as CT 1800 and the interval between maxima in bioluminescence was divided by 24 to give circadian hours (CT 0000 is the time which corresponds to the beginning of the light period in the previous light:dark cycle [10] (1) . Photosynthetic fixation of 14C NaHC03 was measured with illumination at 2 mw cm-2 for 15 min as previously described (4) with the following modifications: l-ml cell suspension containing 20 mm NaHCO3 was irradiated in a scintillation vial in the presence of 0.5 yCi 14C; after 15 min, 1 ml 1 M HC1 was added, water was removed by drying, salts were redissolved with a small amount of water, scintillation solvent (ACS, Amersham Co.) was added, and the radioactivity was counted with a Beckman model LS IOOC liquid scintillation counter. Cell counts were made with a Sedgewich Rafter Counting Chamber. Chl was determined in acetone extracts by the method of Jeffrey and Humphrey (7) .
Preparation of Cell-Free Extracts. Cultures (1.5-2 L) were harvested by centrifugation for 30 s at 100g as above. The pellet was resuspended in 5 ml cold preparation medium (10 mM Tricine [pH 7.2], 10 mM NaCl, 5 mM MgCl2, 10 mM KCI, and 0.2 M sucrose). Glass beads (0.45-0.5 mm diameter, B. Braun Melsungen) were added to the suspension (10 parts to 3 parts [w/w] cell suspension) in a 40-ml conical centrifuge tube. After cooling on ice for 5 min, the mixture was shaken on a Genie Vortex Mixer at highest speed for 20 s to break the cells. The suspension was separated from the beads by decanting, washing the beads, and redecanting. The suspension was then centrifuged for 2 min at 4°C at lOOg in a RC2B Sorval refrigerated centrifuge to remove large cell debris. The supernatant was centrifuged at 12,000g for 5 min to pellet chloroplast fragments and other membranes, the pellet was resuspended in 10 ml preparation medium diluted 1/10 for 5 min and finally repelleted at 12,000g for 5 min. The final pellet was resuspended in 5 ml preparation medium and stored on ice until used.
Reaction Mixtures for Assay of Electron Transport. Whole chain electron transport from water to MV as electron acceptor was studied using a 4-ml assay mixture containing 10 mM Tricine, 5 mM MgCl2, 1 mm NaN3, 1 mM MV, and 0.6-0.8 ml cell-free extract containing 7 to 10 ug ml-' Chl a. 02 uptake was recorded for 30 s on illuminating the mixture with saturating light from a projection lamp filtered through CuSO4, using the NaN3, 1 mM MV, 2 ,uM DCMU, and 0.4 ml cell-free extract (4-7 zg Chl a ml-'). The reaction mixture for electron transport from DQ to MV was 10 mM Tricine (pH 7.5), 1 mm NaN3, 1 mM MV, and 80 Al DQ solution. The DQ solution (16.4 mg ml ') was prepared essentially as in Izawa (6). This solution was prepared freshly for each experiment.
RESULTS
In whole cells of Gonyaulax, a clear circadian rhythm in photosynthesis has been demonstrated in LL, with a maximum at subjective midday and a minimum at night (13) . The rhythm in bioluminescence is clearly controlled by the same oscillator (9, 15) , but is 180°out of phase with the photosynthesis rhythm, with maxima at subjective midnight. Bioluminescence, which can be measured quickly with a minimum of material, was thus used as an indicator of circadian time so that the measurements of photosynthesis could be made at the peak and trough of the rhythm. Under the conditions used, the period ofthe rhythmicity was 22.5 to 23 h.
The circadian rhythmicity is clearly preserved in cell-free extracts in electron flow from water to MV, which encompasses both PSII, PSI, and the intervening electron transport chain (6). Electron transport is high when bioluminescence is low, declines as bioluminescence increases during the night phase and increases again as the minimum in bioluminescence is reached (Fig. 1) . In general, the rate of electron flow through both photosystems as a function of time in a circadian cycle pallels whole cell photosynthesis as measured by 02 evolution (Fig. 1) . On the other hand, electron flow through PSI alone from DPIP/ asc to MV remains high and constant within experimental variation throughout the circadian cycle (Fig. 1) . That electron flow through the whole electron transport chain in photosynthesis from water to MV shows circadian rhythmicity while that through PSI alone from DPIP/asc to MV remains constant with time has been confirmed in two additional experiments (Table I) . (12) . Electron flow through PSII alone was measured from water to DAD/FeCy, an acceptor which intervenes close to Q, the primary acceptor for PSII (6) . With this electron acceptor pair, values for day phase in both experiments were 1.5x those at night (Table I) . Furthermore, electron flow rates were almost identical to those for transport through the whole electron transport chain from water to MV. Thus, PSII alone can account for the full circadian oscillation observed in cell-free extracts. The use of DQ as electron donor allowed the inclusion of the PQ pool in measurements of electron flow through PSI, omitting PSII (6) . This measurement of electron flow through only PSI also was constant with time in the circadian cycle (Table I) The amplitude of the rhythm in photosynthesis of both whole cells and extracts was not as large as sometimes observed (Table  I) . However, these cultures were in the stationary phase ofgrowth when electron flow was measured. This condition was chosen deliberately in order to eliminate any changes in the photosynthetic machinery arising from the cell cycle which is known to be under control of the circadian oscillator (18) . However, such stationary cultures have been observed to show rhythms of lower amplitude than do cells growing logarithmically (1 1) .
Our findings with Gonyaulax concerning the rhythm in electron flow in photosynthesis differ from those obtained with Euglena, another organism with a circadian rhythm in photosynthesis (8) . In the latter organism, electron flow through the whole chain was observed to express rhythmicity as we found with Gonyaulax. However, in Euglena, neither PSI nor PSII showed a rhythm when measured separately. We can offer no explanation for this discrepancy except to note that control of the circadian cycle may well vary from organism to organism.
The findings reported here open the way to further investigation of the coupling between the circadian oscillator and photosynthesis. Such studies will be directed toward PSII and understanding what circadian changes in this part ofthe photosynthetic electron transport are changing in response to signals from the circadian 'clock', and what the nature of these signals may be.
